The reactions for the deoxidation and the desulfurization of liquid iron by calcium are respectively expressed as follows:
Introduction
In recent years, with the increase of the ultra clean steel demands, the more exact control is required on the contents of impurities in steel. It has become necessary to decrease and control the contents of impurities under a few mass ppm. Reduction of the oxygen potential is important to lower the sulfur content of steel, and the addition of the strong deoxidizing agent, such as calcium, is considered to be most effective. On the other hand, calcium in liquid iron has strong thermodynamic affinities with oxygen and sulfur. Therefore, the interaction between Ca and O or Ca and S cannot be ignored even at the low oxygen or sulfur content of a few mass ppm in molten steel, and there are the lowering limits of the oxygen and sulfur contents in the deoxidation and in the desulfurization by calcium. For this reason, it is important to obtain the accurate thermodynamic data on the deoxidation and the desulfurization equilibria of liquid iron by calcium in order to control the oxygen and the sulfur contents of steel. Although many studies are reported on the calcium deoxidation of liquid iron, [1] [2] [3] [4] [5] [6] the thermodynamic data cannot be asserted to be reliable enough because of the difficulty of the measurements. Recently, the calcium deoxidation equilibrium was also investigated by Itoh et al. 7) The thermodynamic data re-evaluated by Itoh et al. can also reasonably explain most of the experimental results investigated previously by others over the wide range of calcium concentration. The several studies on the desulfurization of liquid iron by calcium have been conducted. [2] [3] [4] However, the available thermodynamic data on the calcium desulfurization equilibrium of liquid iron are not necessarily in agreement with the experimental ones, because the influence of the interaction between Ca and O has not been evaluated accurately enough. In the present study, the deoxidation and the desulfurization equilibria of liquid iron by calcium are investigated at 1 873 K in the Fe-Ca-O-S system. The thermodynamic data on the desulfurization equilibrium of liquid iron by calcium are evaluated using the thermodynamic data on the calcium deoxidation equilibrium by Itoh et al. 7) Moreover, the influence of the calcium content on the equilibrated oxygen and sulfur contents is clarified from the derived thermodynamic data.
It is important to reduce the oxygen potential in steel in order to lower the sulfur content, and the addition of the strong deoxidizing agent, such as calcium, is considered to be most effective. The deoxidation and the desulfurization equilibria of liquid iron by calcium have been investigated at 1 873 K. The following thermodynamic values on the calcium desulfurization have been derived from the experimental results in the present study and in the previous studies by others. (4) where a CaO and a CaS are the activities of CaO and CaS relative to the pure solids, respectively. a i (i: Ca, O or S) denotes the activity of component i relative to the infinite dilute solution and is defined by the following equation:
CaS
The activity coefficient relative to the infinite dilute solution, f i , is given by 8) (jՅk) ... (6) where e i j and r i (j, k) denote the first order interaction coefficient of j for i and the second order interaction coefficient between j and k for i, respectively. The deoxidation and the desulfurization equilibria of liquid iron by calcium can be derived by investigating the relationship among the Ca, O and S contents, which simultaneously satisfy the equilibria of Eqs. (1) and (2) . The calculation was conducted on the deoxidation and the desulfurization equilibria using Eqs. (3) through (6) under the condition of a CaO ϭa CaS ϭ1 at 1 873 K. Several studies are reported on the deoxidation and the desulfurization of liquid iron by calcium. The experimental conditions and the derived thermodynamic data are shown in Tables 1 and 2 , [2] [3] [4] 9) respectively. The relationships between Ca and O contents and between Ca and S contents derived using the thermodynamic data in Table 2 are shown in Fig. 1 together with the experimental results in the previous studies. According to the thermodynamic data on the calcium deoxidation equilibrium recommended by JSPS 9) and those derived by Han et al., 3) in which only the first order interaction parameter is taken into account, the relationships between Ca and O contents and between Table 2 . Equilibrium constants for Eqs. (1) and (2) and the interaction parameters among calcium, oxygen and sulfur in liquid iron at 1 873 K. Ca and S contents are described by the closed curves in Fig.  1 , and do not agree with the measured ones in the Fe-Ca-O-S system.
3) The disagreement is also found in the study by Inoue et al. 4) although the second order interaction parameters are taken into account.
Experimental
The high purity electrolytic iron was put in an alumina crucible (38-mm o.d., 45-mm height, 30-cm 3 volume) and was inductively heated in Ar-H 2 mixture. After the temperature reached 1 873 K, the hydrogen was blown onto the metal surface at a flow rate of 250 cm 3 /min (s.t.p.), and the sample was deoxidized for 2 h. After the deoxidation, the reagent grade of FeS (purity: 50.0 %) was added, and the sample was held for 5 min. Then, the sample was quickly cooled, and Fe-0ϳ100 mass ppm S alloy ([mass ppm O]ϭ15-20) was prepared. The experiments were conducted by the following procedure using the electric resistance furnace consisted of MoSi 2 heating elements and an alumina furnace tube (60-mm o.d., 52-mm i.d., 1000-mm long). The prepared Fe-S alloy weighing 50 g, the metallic calcium (purity: 99.0 %) weighing 0.25 to 1 g and the CaS tablet (purity: 99.9 %) weighing 1g were put in a CaO crucible (26-mm o.d., 20-mm i.d., 120-mm long). The CaO crucible was shielded by superimposing two kinds of carbon crucibles (42-mm o.d., 34-mm i.d., 150-mm long and 34-mm o.d., 30-mm i.d., 125-mm long) on the opposite direction. Then, the metal sample was equilibrated for 9 h in Ar at 1 873 K and was cooled rapidly by withdrawing from the furnace. The calcium content of the metal sample was analyzed by the inductively coupled plasma (ICP) emission spectrometry. The oxygen content was analyzed by the inert gas carrier melting-infrared absorption method using an oxygen analyzer. The sulfur content was analyzed by the infrared absorption method after combustion in an induction furnace using a sulfur analyzer.
Results and Discussion
The experimental results in the present study are shown in Fig. 2 . The dotted line in Fig. 2(a) shows the relationship between the calcium and oxygen contents for the calcium deoxidation equilibrium in the Fe-Ca-O system reported by Itoh et al. 7) Using the thermodynamic data by Itoh et al., the thermodynamic data on the desulfurization equilibrium expressed by Eq. (2) are re-evaluated as follows. Combination of Eqs. (4), (5) and a CaS ϭ1 yields log K (2) (8) is shown in Fig. 3 from the present results and the previous ones by others. The interaction parameters used in the present study are shown in Table 3 . In Fig. 3 , the effect of aluminum content is taken into account for the experimental results in the Fe-Ca-Al-O-S system by Inoue et al. 4) On the basis of the relationship expressed by Eq. (8), the experimental results were regressed by the least-squares method in the range of [mass%Ca]ϩ 1.25[mass%S]Յ0.09. In the regression, the experimental data over 200 mass ppm Ca were not taken into consideration, because the values in Table 3, such Table 4 . Both of the absolute values for e S Ca and K (2) in the present study are smaller than those in the previous studies. 3, 4, 9) One of the causes is considered that the absolute value for the interaction parameter between Ca and O re-evaluated by Itoh et al., 7) which is used in the present study, is smaller than those used in the previous studies. The deoxidation and the desulfurization equilibria of liquid iron by calcium were calculated under the condition of a CaO ϭa CaS ϭ1 at 1 873 K in the Fe-Ca-O-S system by the procedure as well as that described in Sec. 2, using the thermodynamic data on the calcium desulfurization of liquid iron derived in the present study together with the data in Table 3 . The calculated results are described by the solid curves in Fig. 2 . From Fig. 2(a) , the dependence of the equilibrated oxygen content on the calcium content of Fe-Ca-O-S alloy is similar to that of Fe-Ca-O alloy reported by Itoh et al. This is because the interaction between O and S is much smaller than that between Ca and O. It is found from Fig. 2(b) that the present experimental results together with the previous results in the Fe-Ca-O-S system by Han et al. 3) are in reasonable agreement with the thermodynamically calculated one over the wide calcium concentration range on the calcium desulfurization. The experimental values by Inoue et al. 4) are not in agreement with the present calculated line in Fig. 2(b) . One of the causes is considered to be the influence of aluminum, because the experiments were carried out in Fe-Ca-Al-O-S system. Moreover, it is found that the oxygen and sulfur contents of liquid iron are minimized at specified calcium contents, respectively. The lowering limits of oxygen and sulfur contents by calcium deoxidation and desulfurization are calculated to be 1.6 mass ppm O (at 15 mass ppm Ca) and 3.5 mass ppm S (at 40 mass ppm Ca), respectively, at 1 873 K. In the Fe-Ca-O-S system, the deoxidation and the Table 3 . The interaction parameters used in the present study to estimate the thermodynamic data on the calcium desulfurization. desulfurization equilibria of liquid iron by calcium are described in Fig. 4 under the condition of a CaO ϭa CaS ϭ1 at 1 873 K. The relationships between the oxygen and the sulfur contents in the present and the previous experimental results are in reasonable agreement with that derived from the present thermodynamic calculation.
Conclusions
The deoxidation and the desulfurization equilibria of liquid iron by calcium have been investigated at 1 873 K. The conclusions are summarized as follows:
(1) The following thermodynamic values on the calcium desulfurization have been derived by estimating the experimental results in the present study and in the previous studies by others. (3) The deoxidation and the desulfurization limits of liquid iron by calcium are calculated to be 1.6 mass ppm O (at 15 mass ppm Ca) and 3.5 mass ppm S (at 40 mass ppm Ca) under the condition of a CaO ϭa CaS ϭ1 at 1 873 K.
